The present study examined the technical characteristics of sliding performance from push-off until stone release in curling delivery. Five elite performance level curlers (> 7 years experience) and five subelite level curlers (< 3 years experience) were analyzed during the action of delivery of a curling stone. The joint angles, angular velocities, and moments of the body center of mass (COM) were determined based on three-dimensional kinematic data. The plantar pressure data were measured using a validated in-shoe system. The results indicated that the gliding time and horizontal velocity of the mass center of the body during the sliding phase were not significantly different between the elite and subelite groups. However, there were significant differences in the gliding distance and the rate of changes in velocity profiles of body COM between the two groups. The moment of the body COM from its relative position to the ankle of the support limb in the anterior/posterior direction was positive in elite curlers and negative in subelite curlers. In addition, larger ankle dorsiflexion and greater contact area of the sliding foot were observed in elite curlers. These data suggest a superior ability of elite curlers to maintain a regulated movement speed and balance control during the performance of a curling stone delivery.
Curling is a recreational and competitive winter sport that typically takes place on indoor ice. The sport is played by two teams of four members competing on an ice surface 42 m in length and 4.5 m in width (the sheet), with members of either team alternately sliding granite curling stones that each weigh approximately 18.6 kg toward a target at the other end of the sheet. The aim is for a team to place one or more stones in the target zone (the house) as close as possible to the center (the button) in an attempt to accumulate points and to simultaneously remove the other teams' stones from the scoring area. Various strategies, which require accurate delivery of the stones, are used to score points. The ice surface is pebbled with tiny frozen water drops, which reduces the friction between the ice and the stone, increasing the speed and distance that the stones travel over ice (Jensen & Shegelski, 2004) . Players often sweep the ice in front of the moving stone to modify the trajectory of the stone by minimizing the surface friction when necessary . By releasing the handle of the curling stone with a rotating motion, the stone can be made to bend (or curl) as it decreases in velocity.
Curling is a target-directed sport where an accurate and consistent delivery is a crucial skill for the successful performance in the sport. In general, the complete curling delivery can be divided into several different steps or phases: forward press, drawback, slide, release (and applied rotation), and follow-through. In the first step, the forward press, a player moves the stone ahead slightly to unstick it from the ice. In the second step (drawback), the stone is moved backward along the ice surface or by an upward swinging motion. At the apex of the backward path, the player pushes forward from a foothold that is screwed into the ice (the hack), using the generated forward momentum to slide along the ice toward the target. To achieve an optimal sliding speed in the desired direction, it is necessary to properly transfer body weight forward at the propulsive push-off (CurlTech, 2010). The slide is followed by the release of the handle of the stone, which must occur before a designated marked point on the ice surface (the hog line), and the follow-through, when the player either slides to a halt or hops to a standing position, usually while monitoring the path of the stone and urging the attending team members to either sweep the ice in front of the moving stone or to let the stone move unaided (Figure 1) .
A fundamental element in the process of the delivery slide is maintaining balance combined with postural control on the ice. Coaches have suggested that the sliding foot, which is the foot that bears the brunt of the weight of the player during the slide, must be flat to the ice and An Official Journal of ISB www.JAB-Journal.com ORIGINAL RESEARCH positioned under the center of chest for a balanced slide during delivery of the stone (CurlTech, 2010) . It is commonly the case that some shift adjustments have to be made to account for unstable balance, which may result in a fluctuation or unsteadiness (drift) of the body movement when projecting the stone with precision. Efficient delivery of the stone depends on a balanced slide position.
Although the slide is considered as a basic and essential skill in the sport, there is little systematic information available concerning the motion of curling delivery. Previous research associated with curling has mostly focused on the motion of the curling stones (Penner, 2001; Shegelski et al., 1999) and sweeping techniques . Buckingham and colleagues (2006) performed the first quantitative analysis of sweeping dynamics with an instrumented curling brush from Olympic level participants. Some studies have reported injury patterns (Reeser & Berg, 2004) and training programs specific for curling (Behm, 2007) . As far as we know, however, relatively few scientific studies have assessed the characteristics of a curling delivery. The current limited knowledge from books and coaching materials about the delivery technique has involved personal observations, past experiences, case reports, and casual recollections (CurlTech, 2010; Lukowich, 1981) . Systematic or scientific analyses have not been reported.
The purpose of this study was to investigate the technical characteristics of the slide during curling delivery. Differences in the movement patterns between skilled and less-skilled curlers were compared with identify the factors that contribute to superior delivery performance. The main biomechanical variables measured included joint angles of the lower body, motion of the center of mass (COM), and foot pressure when executing a delivery. The results from this study could help players improve the efficiency of the delivery technique and, ultimately, enhance their curling performance.
Methods
Ten female curling players participated in the study. Five participants were members of the Korean national team (experienced over 7 years; silver medalists at the 5th Asian Winter Games, Aomori Prefecture, Japan 2003) and classified as elite level curlers (heights 162.8 ± 3.2 cm; body mass 54.8 ± 4.3 kg; mean age 25.5 ± 0.6 years).
Five participants who had lower skill level but regularly played curling (experienced under 3 years) were classified as subelite level curlers (heights 158.8 ± 3.2 cm; body mass 51.0 ± 6.2 kg; mean age 17.0 ± 0.8 years). The protocol was approved by the Institutional Review Board of Korea University. A written informed consent was obtained from each player before participation in the experiment.
The experiments were conducted at an international curling stadium (Seoul, S. Korea). The ice surface was prepared according to the World Curling Federation standards by the spraying of water droplets ("pebble"), onto the level ice and maintained at a temperature around -5 °C. After sufficient warm-up and practice trials, participants were instructed to throw the stone (~18.6 kg) into the center of target zone accurately (without lifting the stone during the drawback step). They performed three trials of delivery with 2 min of rest between trials. The experimenter used a stopwatch to measure the time between the stone passing over the back line and the hog line. The best trial with the time interval close to 3.55 s from each participant (a value commonly resulting from stones stopping in the center of the target zone) was considered for analysis. The stones were removed after each attempt. Delivery motions were recorded using three synchronized 60-Hz video cameras (Panasonic WV-D5100, Tokyo, Japan). Two cameras were located perpendicular to the sagittal plane with the third in front of the participant. These cameras were located at a far enough distance to capture the whole image of the sliding movement during the delivery. Twenty reflective spherical markers with a diameter of 20 mm were attached to the anatomical sites of each participant's tight-fitting skating suit and shoes: vertex of head, chin, right and left shoulder joints, right and left elbow joints, right and left wrist joints, right and left middle finger endpoints, right and left hip joints, right and left knee joints, right and left ankle joints, right and left heels, and right and left toes (Cappozzo et al., 1995) . Plantar pressure data were collected using the Pedar in-shoe system (Novel GMBH, Munich, Germany) during the delivery. The system has been reported to be an accurate and reliable measure of peak plantar pressure and contact area data (Putti et al., 2007) . The insoles of the system consisted of an array of 256 capacitive sensors that monitor local plantar loads between the foot and the shoe. Before data collection, each insole was calibrated up to 500 kPa according to the manufacturer's specifications. After calibration, insoles were placed in both curling shoes and data were sampled at 60 Hz. The end of push-off from the hack, the instant that the propulsive force of hack foot dropped to zero (i.e., take-off of the trailing foot), was used for event synchronization of the plantar pressure and video data.
Marker position data were digitally reconstructed into three-dimensional (3D) coordinates using direct linear transformation (DLT) procedures (Abdel-Aziz & Karara, 1971 ) and smoothed using a Butterworth lowpass filter at a cut-off frequency of 6 Hz. A 14-body segment (feet, shanks, thighs, trunk, head and neck, upper arms, lower arms and hands) 3D model was used to define the kinematics of the mass center, joints, and body segments with reference to the global coordinate system (Cappozzo et al., 1995) . The total body COM (WCoM) was determined as the weighted sum of the COM of each body segment based on a previously described method (Dempster, 1955) . The moments of the COM of the body (M/L & A/P planes) were determined through inverse dynamics (Winter, 2005) and normalized to body mass and height. The direction and moment arm of the body COM during the gliding phase of the delivery (from take-off to stone release) were calculated relative to the ankle joint axis of the support leg (OAJ) (see Figure 2) . Variables analyzed from the plantar pressure data were contact area (CA), maximum force (MF), and peak pressure (PP).
An independent group t test was used to test statistical differences in dependent variables between the elite and subelite groups. A linear regression analysis was carried out to determine changes in the velocity of the body COM over time during the sliding phase. The estimated slope of the regression lines was obtained with a linear least-squares fit from each representative participant of the elite and subelite groups. An alpha level of p < .05 was adopted to assess statistical significance for all computations.
Results
The group average for the gliding time for the elite curlers (3.20 ± 0.14 s) and subelite curlers (3.27 ± 0.28 s) did not differ significantly (p = .67). The intertrial variability (coefficient of variation, %) for the gliding time (elite vs. subelite: 3.04 ± 0.21% vs. 3.21 ± 0.59%, p = .36) was similar between the two groups. However, a significant difference was found in the group average for the gliding distance of the elite curlers (504.76 ± 5.17 cm) and the subelite curlers (486.27 ± 6.68 cm) (p = .01).
The group averages (mean ± SE) for the selected COM data for the two groups are shown in Table 1 . In general, the COM velocity of the elite group during the sliding phase was higher than that of the subelite group, but the difference between the two groups did not reach significance (p = .07). There was no marked difference in the maximal and minimal COM velocity between the groups (p = .41 and p = .11, respectively). However, VMax-Min, a measure of difference between the maximal and minimal velocity throughout the sliding phase, was significantly smaller in the elite group than the subelite group (p = .02). There was a significant difference in the estimated slope from the regression line for the velocity of the body COM (VSlope) between the two groups (p = .01). Qualitative analysis based on the regression line plotted on the time series of the body COM velocity from each representative participant of the group indicated that there was a tendency of the elite curler to maintain the speed of movement, while the velocity trajectory of the subelite curler tended to decrease toward the end of sliding delivery (Figure 3) .
Both groups showed similar mean normalized moments of the body COM relative to the ankle joint of the support leg in the medial/lateral (M/L) plane during the sliding phase (p = .27). However, the mean normalized moment of the body COM in the anterior/posterior (A/P) plane was significantly different between the two groups (p < .01). While positive values were observed in the elite group, the subelite group showed negative normalized moments of the body COM in the A/P plane (Table 1 ). This result indicated that the COM of the body during the sliding phase was displaced forward in the elite group and behind the ankle of the support foot in the subelite group. Figure 3 -Velocity profiles of the body COM plotted with linear regression lines for an elite (black) and a subelite curler (gray) who demonstrated a similar sliding duration (3.56 s and 3.59 s, respectively). Data are aligned on the onset of forward sliding motion (i.e., push-off from the hack).
Although the elite group tended to be more flexed at the hip and knee joints than the subelite group, the patterns of the joint range of motion and the angular velocities of the supporting lower limb in the A/P plane were generally similar between the two groups (Table  2) . However, there was a significant angular difference between the groups for the ankle joint. The elite group demonstrated a greater range of motion at the ankle joint (p < .01), indicating greater dorsiflexion at the ankle during the sliding phase.
The group averages (mean ± SE) for the plantar pressure data of the support foot for the two groups are shown in Table 3 . The only significant difference between the two groups was found in the contact area. The elite group exhibited greater total contact region of in-shoe plantar pressure than the subelite group (p = .02). There were no significant differences between the groups in the foot maximum force and peak pressure (p = .15 and p = .34, respectively).
Discussion
In the performance of curling delivery, maintaining regulated movement speed and balanced body control are important to realize maximum control of stone release at the end of the sliding phase, and so maximum accuracy of the delivered stone. The results of this study demonstrate that, while overall movement time and mean horizontal velocity of the mass center of the body during the sliding phase were similar between elite and subelite curlers, the gliding distance from take-off until stone release was longer in the elite curlers. In addition, the rate of change in velocity profiles of the body COM differed significantly between the two groups. VMax-Min data showed that the magnitude of changes in the velocity of the COM during the sliding phase in the elite curlers was smaller than in the subelite curlers. The estimated slope from the regression line for the velocity of the body COM over time was nearly zero in the elite curler, while a negative slope was evident in the subelite curler ( Figure  3) . These results indicate that, whereas the velocity of the mass center of the body in the subelite group decreased during approach to the final phase of sliding, it remained roughly constant throughout the delivery course in the elite curlers. Taken together, these results imply that the ability of elite curlers to regulate speed changes of body movements over deceleration factors such as surface friction of the ice and postural instability during the sliding phase is superior to that of subelite curlers.
It has been reported that the position of the body's COM above the support leg affects the control of movement velocity during locomotion (Romanov & Fletcher, 2007) and postural balance during static stance (Pai & Patton, 1997) . To test whether this might be the case in the current study, the direction and normalized moment of the body COM from its relative position to the ankle of the support limb were measured. Although there was no significant group difference in the horizontal normalized moment of the body COM from the ankle in the M/L direction between the two groups, elite curlers exhibited a positive normalized moment while its value in subelite curlers was negative in the A/P direction. This indicates that, relative to the support point, the center of body mass was directed anteriorly in the elite curlers while positioned posteriorly in the subelite curlers during the sliding phase.
It is known that the moment is related to the angular acceleration of the COM in an inverted pendulum model of the body pivoting around the support limb (Jian et al., 1993; Winter, 2005) . As illustrated in Figure 4 , the body's COM (WCoM) located ahead of the center of pressure (RCoP) produces a counter-clockwise angular velocity (ω) and acceleration (α) around the ankle joint (g > p) creating a positive moment in the direction of progression (Figure 4a ). It appears that the elite curlers Note. CA = contact area; MF = maximum force; PP = peak pressure.
use the forward position of the body COM to create a gravitational torque via its moment arm around the axis of the support foot to control movement velocity during the sliding performance. This notion is in agreement with previous findings that positive torque of the body COM in the forward movement direction increases horizontal acceleration of the COM, making the body move forward of the support foot in running (Chang et al., 2000; Romanov & Fletcher, 2007) and contributes to the gain in maximal driving force during speed skating (de Koning et al., 1991) . In contrast, the position of the body COM behind the support foot in subelite curlers could provide a braking force in the posterior direction, decelerating the body movement by compensating in the opposite direction (Figure 4c ). In addition, it is also possible that the position of the body COM influences the friction between the trailing limb supporting the delivery and the ice surface. The backward position of the body COM observed in the subelite curlers might create greater magnitudes for this friction force resulting in the location of the vertical ground reaction force (RCOP) nearer to or even behind the ankle joint. This probably leads to decline in the velocity of the body COM during the delivery sliding in the subelite curlers. In a static stance, balance control is mainly achieved by dorsiflexion / plantar flexion of the ankle joint in response to body weight shift (Qu et al., 2007; Winter et al., 1998) . In line with this finding, there was presently a significant difference in the amplitude of the ankle dorsiflexion motion of the support leg between the two curling groups; elite curlers displayed a larger ankle dorsiflexion angle than subelite curlers. Although the basic mechanism of the balance control might be similar to that of static balance control, it should be noted that curling gliding involves an additional propulsive force to the forward direction during the course of movement. Thus, it is assumed that the larger ankle dorsiflexion observed in elite curlers may contribute to more forward inclination of the whole body leading to the anterior shift of the body COM. Compared with static balance control, range of motion for ankle dorsiflexion seems to be important for a continual dynamic balance control in curling.
The analysis of the pressure pattern between foot and ground can provide important information about the balance and postural stability of the body (Anker et al., 2008; Gerbino et al., 2007) . Among foot loading variables analyzed in this study, a significant difference was found in CA of the sliding foot; elite curlers displayed a greater CA. That is, the region of the foot that the force per pressure unit was applied was larger in the elite curlers. Diminished CA of in-shoe plantar pressure can cause a relatively small base of support, which may lead to an unstable body balance (Eils et al., 2002; Murphy et al., 2005) . Thus, it is presumed that a broader area of foot pressure could provide elite curlers with greater body stability. In addition, it is known that a lower position of the center of gravity provides greater body stability (Winter, 2005) . The present data showed that the height change of the body COM from its initial position throughout the delivery course was larger in the elite curlers (-8.50 cm) than the subelite curlers (-0.95 cm), and the difference was significant (p = .03). This indicates that the elite curlers lowered their body during release of the stone. This lowering motion may be attributed to the larger CA of the supporting foot. Moreover, the increased size of base of support could allow the center of mass to travel a longer distance, consequently allowing the COM to adopt a more forward location within its boundary (Anker et al., 2008) .
In conclusion, a detailed analysis on selected biomechanical components of curling delivery techniques by athletes of different levels of performance was conducted. The main difference between the elite and subelite groups was that during the delivery sliding the ability of elite curlers to cover greater gliding distances and control the gliding velocity of their body COM over the ice surface was superior to that of subelite curlers. The results suggest that a larger dorsiflexion of the ankle joint and forward shift of the body COM in elite curlers may effectively contribute to their superior performance. In addition, a relatively large base of support of sliding foot and a low position of the body COM from the surface seems to provide elite curlers with more stabilization of body movements, facilitating correct aiming motions of delivery. Although the small differences determined between the two groups could result from small sample sizes, the current study contributes valuable information for technical characteristics in curling in general and of the curling delivery motion in particular. Since this topic is rarely scrutinized quantitatively in the literature, future studies with larger participant samples would be helpful to form a basis for high quality training concepts in this sport.
